Abstract. A custom-built dynamic-focus swept-source optical coherence tomography (SS-OCT) system with a central wavelength of 1310 nm was used to image the anterior eye from the cornea to the lens. An electrically tunable lens was utilized to dynamically control the positions of focusing planes over the imaging range of 10 mm. The B-scan images were acquired consecutively at the same position but with different focus settings. The B-scan images were then registered and averaged after filtering the out-of-focus regions using a Gaussian window. By fusing images obtained at different depth focus locations, high-resolution and high signal-strength images were obtained over the entire imaging depth. In vivo imaging of human anterior segment was demonstrated. The performance of the system was compared with two commercial OCT systems. The human eye ciliary body was better visualized with the dynamic-focusing SS-OCT system than using the commercial 840 and 1310 nm OCT systems. The sulcus-to-sulcus distance was measured, and the result agreed with that acquired with ultrasound biomicroscopy.
Introduction
Clinically, ultrasound biomicroscopy (UBM) is the standard method for imaging the anterior eye structures behind the sclera, limbus, and iris, which include the ciliary body, crystalline lens, and the lens zonular apparatus. It is utilized for the evaluation of narrow angle, plateau iris, and any lesion in the iris and ciliary body. 1, 2 However, due to the limited axial resolution (about 30 μm for 50 MHz UBM), UBM is unable to reveal the very fine structures and, therefore, cannot provide accurate diagnosis of early-stage tumors. 3 UBM is relatively inconvenient due to the need for a coupling gel or liquid to be in contact with eye. A noncontact imaging modality that has deep tissue penetration and high-resolution capability would present a significant improvement.
Optical coherence tomography (OCT) has become a versatile tool for imaging the anterior segment with micrometer resolution in three dimensions. 3, 4 Studies have shown that anterior segment OCT could greatly improve the image resolution compared to UBM. 1, 5 However, OCT has limited penetration due to high signal loss from light scattering in turbid tissue. Another important limitation of anterior segment OCT is the poor depth of focus (DOF) relative to the depth of anterior eye structures-invariably some part of the image is out of focus. For a typical OCT system, the lateral resolution (∼λ∕NA) and the DOF (∼λ∕NA 2 ) are correlated, where λ is the imaging wavelength and NA is the numerical aperture of the focusing optics. Increasing the DOF could be realized by trading off the lateral resolution. However, detailed structure provided by higher resolution is always preferred and sometimes essential for early diagnosis of disease.
A few methods have been proposed to increase the DOF for OCT. One method to enhance the imaging depth is the dual beam OCT setup, which has been demonstrated for anterior eye imaging. 6, 7 The B-frames from dual focal points are combined and processed to improve the imaging resolution across the focal depth. However, this setup requires two interferometers, thus greatly increasing the system cost. Dynamic focus using a liquid lens or deformable mirror, followed by Gabor splicing of image frames, has been demonstrated for optical coherence microscopy (OCM) applications. This technique has shown improved image resolution for the imaging of thick tissues in vitro and in vivo. [8] [9] [10] [11] Recently, dynamic-focusing OCT imaging has been demonstrated by the use of an acoustic-optical lens and has also improved visualization of the vitreous. 12, 13 In this study, we will demonstrate a long-range imaging depth (10 mm) of human anterior eye with dynamic-focus swept-source OCT (SS-OCT). Consecutive OCT images at different focal locations achieved by electrically tuning the focal length of a tunable lens can improve imaging penetration depth. Image resolution along the whole imaging range is then enhanced by fusing images obtained at different axial focal planes.
2 Experimental Setup 2.1 Setup of Dynamic-Focus SS-OCT Figure 1 shows the schematic of the dynamic-focusing SS-OCT system. The swept laser has a central wavelength of 1310 nm, a 100 nm full sweep bandwidth, and a sweeping rate of 50 kHz (Axsun Technologies Inc.). The light from the laser is split by an 80:20 fiber splitter into the reference arm and the sample arm. In the sample arm, the collimated light passes through a telescope formed by an electrical tunable lens (EL-10-30-NIR, Optotune, Dietikon, Switzerland) and a chromatic doublet L2 (focal length 70 mm). After passing through a dual axial galvanometer mirror scanner, the beam diameter was expanded by another telescope (L3 with effective focal length of 30 mm and L4 with effective focal length of 50 mm). After reflecting by a dichroic mirror, the beam is focused by another achromatic double L5 with a focal length of 75 mm onto the sample. The light backscattered from the sample is collected by a circulator and interferes with a reference light reflected from the reference mirror and collected by another circulator. The final interference signal is detected by a balanced photodetector with a bandwidth of 200 MHz (PDB460C, Thorlabs Inc., Newton, New Jersey). The final signal is then digitalized by a high-speed digitizer (ATS9350, Alazar Technologies Inc., Pointe-Claire, QC, Canada). The laser power at the cornea is measured to be 4.59 mW and is within the safety limit set by the American National Standards Institute. 14 The measured system sensitivity is 104 dB around the zero path delay location. The laser provides a clock with a frequency of 91 to 134 MHz. A frequency doubler is used to double the laser clock so that the axial imaging range was extended to around 10 mm in the current setup. 15 The OCT system has a lateral resolution of ∼15 μm and axial resolution of 8.52 μm in tissue. The controlling software can perform automatic focusing, and the operator can switch between dynamic-focusing mode and normal mode. In dynamic-focusing mode, the electrical current applied on the tunable lens was changed automatically for 10 consecutive B-scans, and these 10 consecutive B-scans form a tuning cycle. Within a tuning cycle, the current is tuned from 100 to 390 mA with an increase of 32 mA for each B-scan.
In Vitro Characterization of Dynamic Focus
In order to test the dynamic-focusing performance of the system, 0.1% intralipid was imaged. The 0.1% intralipid solution was obtained by diluting the 20% stock solution (Sigma-Aldrich) with deionized water. The intralipid solution was held in a cuvette and imaged with the dynamic-focusing mode by the dynamic-focusing SS-OCT system. The results [Figs. 2(a)-2(d)] extracted four B-scan images in a dynamic-focusing tuning cycle, and they show that the system can dynamically change the axial focusing plane. These images show the results when the focal planes are, respectively, at the surface, upper middle, lower middle, and bottom of the sample. It can be seen that the peak intensity location (which corresponds to the focal plane location) moves with the changing of electric current to control the lens. The images of the intralipid acquired at different axial focal plane locations are filtered by Gaussian windows to remove the out-of-focus regions part and then averaged to generate a composite image. The final composite image is shown in Fig. 2 (e). The axial intensity profile of the composite image is shown in Fig. 2 (g), and it can be seen that a strong OCT signal of from 1 to 7 mm is obtained along the axial direction. The composite image in Fig. 2(e) shows the better image quality (higher signal) along the whole image depth.
The sensitivity of the OCT system is proportional to the power returning from the sample. The tissue around the focal plane location will reflect (and scatter) more light due to the high laser power density in the region. So the focal plane region in the OCT image will show better sensitivity. By refocusing the beam into different parts (depths in this setup) of the sample, a higher sensitivity region is tuned accordingly. By combing the high-sensitivity parts of different images acquired from the same sample, a higher sensitivity image is obtained. From Fig. 2(g) , it can be found that the composite image combines all the highsensitivity regions in Figs. 2(a)-2(d) and shows an overall higher signal and better sensitivity. The enhanced sensitivity will allow the OCT system to penetrate deeper. Compared with Fig. 2 (a), the composite image in Fig. 2 (e) shows increased penetration depth. This increase is a result of using the DOF region in Fig. 2(d) . Quantitative analysis shows an increase of more than 20% in penetration depth. This increase is dependent on the focal plane location. The relationship between focal plane depth and the electric current applied to the electrical lens is shown in Fig. 3 .
To demonstrate the improvement of lateral resolution along the whole axial imaging range by the dynamic-focusing SS-OCT system, microbeads are imaged. The polymer microbeads (Duke Scientific Corporation, Lot No. 26386) used in this study have a diameter of 9.6 μm, and they were embedded into 5% (mg/mL) agarose (Sigma-Aldrich, A3893-25G). The sample was held in a cuvette and imaged using the dynamic-focusing mode with the SS-OCT system. Figures 4(a)-4(d) demonstrate the four frames extracted from the images acquired in a focus tuning cycle. The dotted yellow lines in the images indicated the locations of the focusing plane. Due to the limited DOF of the imaging optics, the regions that were out of the DOF in these images were severely blurred, and the microbeads appeared larger or unresolvable in those regions. By filtering of the out-of-DOF regions using Gaussian windows (white curves in the white dashed box overlaid on images) in Figs 4(a)-4(d) and then averaging these filtered images, a composite image as shown in Fig. 4 (e) was obtained. A total of nine images were used for averaging to get the composite image in Fig. 4(e) , and the white curves overlaid on the image show the nine Gaussian windows that were used to filter the images. Microbeads were clearly resolved along the whole depth range in the composite image. This shows that dynamic-focus OCT can extend the DOF and maintain optimized lateral resolution along the whole imaging depth.
By maintaining the optimum lateral resolution along the whole axial imaging range, the dynamic-focusing SS-OCT improves the lateral resolution for the regions that are out-of-DOF of the focusing optics. The degree of improvement on the lateral resolution for the out-of-DOF region is related to focal plane location and the axial distance of the region to the focal plane. For a Gaussian beam, the beam spot size changes with the propagation of the beam along the beam axis and the beam spot at an axial distance z from the beam focal plane is Imaging the anterior eye with dynamic-focus swept-source optical coherence tomography E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 6 3 ; 2 6 1 w z ¼ w 0
where w 0 is the beam spot at the focal plane location, w z is the beam spot at a distance z from the focal plane location, and z R is the Rayleigh length. So for z ≫ z R , the beam spot increases linearly with the distance z. The dynamic-focusing SS-OCT system has a long axial imaging range of 10 mm. For z R of less than 1 mm in the current setup, the increase of lateral resolution by dynamic focusing can be 5 to 10 times for the out-of-DOF region acquired with the nondynamic-focusing mode.
In Vivo Imaging and Image Process
This study followed the tenets of the Declaration of Helsinki and was in accord with the Health Insurance Portability and Accountability Act of 1996. The study protocol was approved by the Institutional Review Board (IRB) of OHSU. The subject in this study was a 25-year-old male with healthy eyes and dark iris pigmentation (brown eyes). Written informed consent was obtained. Fig. 3 Relationship between focal plane depth and current applied to the electrical lens. The SS-OCT system was used to image the human anterior chamber in vivo. For dynamic-focusing imaging of the sample, 150 repeated B-scan images were obtained in 3 s. Each B-scan frame contained 1024 A-scans and covered a lateral range of about 19 mm. A postprocessing phase stabilization method was used to process the OCT data to eliminate the horizontal line artifacts in the images. 16 The 150 B-scan images were further processed to obtain a high-resolution image. Figure 5 shows the flowchart of the image-processing steps. First, images with large eye motion artifacts were removed from the image set. Then the 10 consecutive frames of one tuning cycle were registered by calculating the cross-correlation between these images [ Fig. 5(a) ]. The DOF region of each image was selected, and Gaussian window was performed on the region [ Fig. 5(a) ]. The 10 images were then combined to form a composite, highresolution image [ Fig. 5(a) ]. 8, 9 The width of the Gaussian weighting function was 1 mm in our setup. These steps were repeated for different tuning cycles and a few composite images were obtained. A maximum total of 15 composite images could be obtained. Finally, these composite images were registered and averaged to generate a final image 
Compare the Dynamic-Focusing SS-OCT with Time-Domain OCT, Spectral OCT, and UBM
To evaluate the results from our custom-built SS-OCT system, the anterior segment of the normal human subject eye was also imaged using commercially available imaging systems: a TD-OCT system (Visante, Carl Zeiss Meditec Inc., Doublin, Caliafornia), a spectral OCT system (Avanti, Optovue Inc., Fremont, California), and a UBM (Eyecubed, Ellex Inc., Minneapolis, Minnesota), respectively. The TD-OCT system has a central wavelength of 1310 nm, a speed of 2048 A-scan/s, a lateral resolution of 60 μm, and an axial resolution of 18 μm. In this study, the anterior segment of the subject was imaged with the built-in scan mode (enhancement anterior segment single scan) in which four B-scan images are registered and averaged. The width of the B-scan was 16 mm, and the axial imaging range in the tissue was 6 mm. The number of A-scans per B-scan for the TD-OCT system was 256. The spectral OCT system used in this study has a central wavelength of 840 nm, a lateral resolution of 22 μm, and an axial resolution of 5 μm. The width of the B-scan was 8 mm, and the axial imaging range in the tissue was 3 mm. The number of A-scans per B-scan was 1020. A total of 48 Bscan images were registered and averaged. The UBM used in this study has a lateral resolution of 33 μm and an axial resolution of 23 μm. The scanning angle was 30 deg and the axial imaging range in the tissue is 11.9 mm. The acquisition rate was 12.5 B-scans/s. A total of 13 B-scans were used for registration and averaging. The parameters used for different devices in this study are typical clinic setting parameters.
Results

Whole Anterior Chamber Imaging
The anterior chamber of a healthy human subject was first imaged by manually changing the focal plane. The results are shown in Fig. 6 . Focal planes were manually tuned from the anterior surface of the cornea to the anterior surface of the crystalline lens as indicated by solid arrows in Figs. 6(a)-6(c). The crystalline lens and the periphery part of the cornea (white dashed arrows) were not clearly visible when the focusing plane was at the anterior corneal surface [ Fig. 6(a) ]. These parts were better visualized when the focusing plane moved to the middle of the anterior chamber [ Fig. 6(b) ]. When the focusing plane was set at the anterior surface of the crystalline lens, the anterior corneal surface signal intensity was low and The crystalline lens and the periphery part of the cornea (dashed arrows) were not clearly visible when the focusing plane was at the anterior corneal surface (a). These parts were visualized better when the focusing plane moved to the middle of the anterior chamber (b). When the focusing plane was set at the anterior surface of the crystalline lens, the anterior corneal surface signal intensity was low and the crystalline lens signal intensity became higher (c). The scale bar is 500 μm for all images. the crystalline lens signal intensity became higher [ Fig. 6(c) ]. It can be seen that the top corneal surface was best visualized in Fig. 6(a) . The periphery part of the cornea was best shown in Fig. 6(b) . The ciliary body was best demonstrated in Fig. 6(c) .
The anterior segment eye of the subject was then imaged using dynamic-focus SS-OCT. The composite image of the anterior segment of a normal human subject was shown in Figs. 7(a) and 7(b). Anterior chamber angle recess, ciliary sulcus, and adjacent structures could be visualized from the image. The sulcus-to-sulcus distance was measured to be 10.93 mm in the 1310 nm SS-OCT image [ Fig. 7(b) ].
The angle recess and ciliary sulcus were visible on the UBM image [ Fig. 7(c) ]. The crystalline lens was also visible in the UBM image. The sulcus-to-sulcus distance was measured to be 11.01 mm on the UBM. The angle recess was clear on the TD-OCT, however, the crystalline lens and ciliary sulcus were not visible on the TD-OCT [ Fig. 7(d) ].
Transcleral Ciliary Body Imaging
The iris root, trabeculum, ciliary body, ciliary process, and ciliary sulcus could be visualized on the UBM [ Fig. 8(a) ]. The iris root, trabeculum, and most of the ciliary body could be visualized on the 1310 nm dynamic-focus SS-OCT [ Fig. 8(b) ] and the 1310 nm TD-OCT [ Fig. 8(c) ], but the ciliary process and sulcus could not be seen. The iris root, trabeculum, and ciliary body cannot be visualized on the 840 nm spectral OCT [ Fig. 8(d) ]. The contour of the ciliary body epithelium was better defined by the dynamic-focus SS-OCT compared with the UBM.
Discussions
Overall, the dynamic-focus SS-OCT system showed better penetration than the 1310 nm TD-OCT and 840 nm spectral domain systems. This is mainly due to the high sensitivity of the Fourierdomain technique used and the reduced scattering loss of the longer 1310-nm wavelength. [18] [19] [20] In addition, the dynamic focus helped to further maintain the lateral resolution along the whole axial imaging range and increase the penetration depth by improving light collection efficiency from selected depths during different phases of focus tuning. 12 Without dynamic focus, signal level and resolution are poor at the central cornea, midperipheral cornea, or limbus. With dynamic focus, all three regions showed good signal level and resolution. Thus, dynamic focus could be useful in improving the mapping of the entire cornea, at the cost of increased Bscan repetition and imaging time. Since SS-OCT can have very fast scan speeds, this approach for anterior eye OCT will be more attractive as high-speed systems become commercially available.
Despite the limitation of TD-OCT, researchers have used it to measure the horizontal sulcus-to-sulcus distance of an albino patient. In normally pigmented humans, visualization of the ciliary body processes and ciliary sulcus has not been previously demonstrated. 21 In this study, we demonstrate the imaging of the sulcus-to-sulcus distance for a healthy human participant with brown iris pigment. To the best of our knowledge, this is the first demonstration of using OCT to measure the sulcus-to-sulcus distance for normal eyes. The measurement results agreed well with that obtained by UBM. While our result demonstrated the measurement of sulcus-sulcus distance, the sulcus part of the images is very weak and at the bare limit of visibility. In addition, the dynamic-focus SS-OCT still does not match UBM in terms of image penetration-the ciliary process could be visualized behind the iris, but not behind the sclera. Imaging behind the iris could also be difficult in more darkly pigmented eyes. To further improve the visibility of the sulcus by the dynamic-focusing SS-OCT, the amount of light that is reflected by the sulcus has to be increased and the system sensitivity has to be improved. This could potentially be achieved by increasing the laser power delivered to the cornea (while still maintaining the power within the safety level). Due the sensitivity roll-off of the system, the sulcus demonstrated in this paper was not located at the optimized sensitivity location of the image. If the user prefers to visualize the sulcus better, the sulcus could be placed around the highest sensitivity region of the image (close to the zero path difference location). Another way to improve the sensitivity is to average more images. Of course, this will increase the imaging time.
The current dynamic-focus SS-OCT has several limitations. Although the axial imaging range was 10 mm, the 3 dB sensitivity-roll-off distance was measured to be 5.2 mm. Thus, the signal is reduced for deeper structures. A swept-source laser with a longer coherence length would solve this issue. The electrically tunable lens used in this system is not designed to work at 1310-nm wavelength. Therefore, the lens coating reduces both signal strength and spectral bandwidth. The axial resolution of the system was decreased by approximately 15% due to limited spectral pass bandwidth of the tunable lens. A spectrometer was used to measure laser source spectrum after the laser passed the tunable lens twice. A 15% reduction of the full-width at half-maximum bandwidth was found for the measured spectrum. A customized lens coating would solve this problem. Overall, improvement in laser coherence length and electrical lens coating could have further improved OCT signal and penetration.
Conclusions
A dynamic-focus SS-OCT system with a long axial imaging range has been developed. Enhanced penetration depth and improved lateral resolution along the whole imaging depth have been demonstrated. High-resolution images of the human anterior eye chamber were demonstrated, and the results were compared with several commercially available anterior segment imaging systems. The developed system showed higher penetration depth than the commercial OCT systems used in our study. To the best of our knowledge, we have demonstrated, for the first time, the measurement of sulcus-to-sulcus distance in normal human eyes with OCT.
